BTB/POZ-domain C 2 H 2 zinc(Zn)-®nger proteins are encoded by a subfamily of genes related to the Drosophila gap gene kruÈppel. To date, two such proteins, PLZF and LAZ-3/BCL-6, have been implicated in oncogenesis. We have now identi®ed a new member of this gene subfamily which encodes a 62 kDa Zn-®nger protein, termed LRF, with a BTB/POZ domain highly similar to that of PLZF. Both human and mouse LRF genes, which localized to syntenic chromosomal regions (19p13.3 and 10B5.3, respectively), were widely expressed in adult tissues and cell lines. At approximately 9.5 ± 10.0 days of embryonic development, the mouse LRF gene was expressed in the limb buds, pharyngeal arches, tail bud, placenta and neural tube. The LRF protein associated in vivo with LAZ-3/BCL-6, but not with PLZF to which it was more related. Although the LRF, or LAZ-3/BCL-6, BTB/POZ domain could readily homodimerize, no heterodimerization was detected in vivo between the LRF and LAZ-3/BCL-6 BTB/POZ domains and interaction between full length LRF and LAZ-3/BCL-6 required the presence of both the BTB/POZ domain and Zn-®ngers in each partner protein. As expected from the above results, LRF and LAZ-3/BCL-6 also colocalized with each other in the nucleus. Taken together, our ®ndings suggest that BTB/ POZ-domain Zn-®nger proteins may function as homo and heterodimeric complexes whose formation, and hence the resultant eect on transcription of their downstream target genes, is determined by the levels and expression domains of a given partner protein.
Introduction
Dierential control of gene expression plays a key role in complex cellular processes through which a given cell acquires speci®c characteristics (Karin, 1990) . Studies of how genes are regulated at the level of transcription have led to identi®cation of a large number of gene families which encode cell and/or promoter speci®c transcription factors as well as the components of the basal transcriptional machinery.
One of the largest such gene families encodes proteins with one or more C 2 H 2 Zinc(Zn)-®nger motifs (ElBaradi and Pieler, 1991) , also known as kruÈppel-like Zn-®ngers, initially characterized in the Xenopus laevis RNA polymerase III transcription factor TFIIIA (Miller et al., 1985) .
Recently, subfamilies of kruÈppel-like Zn-®nger genes have been identi®ed which contain divergent and highly conserved N-terminal motifs, the KRAB (kruÈppel-associated box) and BTB/POZ (for broad complex, tramtrack, and bric aÂ brac/poxvirus and zinc ®nger) domains (Bardwell and Treisman, 1994; Constantinou-Deltas et al., 1992; Zollman et al., 1994) , both of which appear to function in transcriptional repression (Chang et al., 1996; Deweindt et al., 1995; Friedman et al., 1996; Kim et al., 1996; Li et al., 1997; Moosmann et al., 1996; Witzgall et al., 1994) . The BTB/POZ domain is an approximately 120 amino acid long, highly conserved, hydrophobic region and is present in two distinct classes of transcriptional regulators ± the POK (BTB/POZ and kruÈppel) proteins and the Bach proteins which contain a C-terminal basic leucine zipper motif instead of a Zn-®nger region (Oyake et al., 1996) . The BTB/POZ domain is also present in some viral (Koonin et al., 1992) and cellular proteins (Xue and Cooley, 1993) , which do not possess any obvious DNA binding motifs and whose function may not be associated with transcription. The BTB/ POZ domain has been shown to be sucient in mediating self-association of a number of BTB/POZ domain proteins (Bardwell and Treisman, 1994; Chen et al., 1995) , including LAZ-3/BCL-6 and PLZF (Dong et al., 1996) , and in mediating transcriptional repression when fused to a heterologous DNA-binding region (Chang et al., 1996; Li et al., 1997; Seyfert et al., 1996) . In addition, for a number of POK proteins, the BTB/POZ domain appears to confer speci®c, often speckled, nuclear localization pattern (Bardwell and Treisman, 1994; Dhordain et al., 1995; Dong et al., 1996) .
Two POK proteins, PLZF (Promyelocytic Leukaemia Zinc Finger) and LAZ-3/BCL-6 (Lymphoma Associated Zn-®nger-3/B-Cell Lymphoma-6), have been implicated in oncogenesis (Baron et al., 1993; Chen et al., 1993a,b; Kerckaert et al., 1993; Miki et al., 1994; Ye et al., 1993) . The PLZF gene is translocated with the RARa locus in rare cases of all-trans-retinoic acid (RA) resistant acute promyelocytic leukaemia (APL). As a result of this translocation oncogenic PLZF-RARa protein is expressed in leukaemic cells. In diuse large cell lymphoma (DLCL), on the other hand, expression of the LAZ-3/BCL-6 gene is deregulated as a result of its translocations to immunoglobulin loci, or mutations in its regulatory regions (Bernardini et al., 1997; Migliazza et al., 1995; Ye et al., 1995) . Both PLZF and LAZ-3/BCL-6 have recently been shown to function as transcriptional repressors through recruitment of nuclear receptor/Sin3/histone deacetylase corepressor complexes (Dhordain et al., 1997; He et al., 1998; Hong et al., 1997) .
In addition to being associated with tumorgenesis, both PLZF and LAZ-3/BCL-6 have been implicated in normal haemopoietic development, regulating myelopoiesis and lymphopoiesis, respectively. PLZF is expressed in early myeloid progenitor cells and its expression is downregulated during granulocytic dierentiation (Reid et al., 1995) , suggesting a role in granulopoiesis. Consistently with these conclusions, ectopic expression of PLZF in myeloid progenitor cells inhibits their ability to undergo growth factor induced neutrophilic dierentiation (Shaknovich et al., 1998) . LAZ-3/BCL-6, on the other hand, is expressed mainly in germinal centre B-cells (Cattoretti et al., 1995; Onizuka et al., 1995) and mice lacking LAZ-3/ Figure 1 Deduced amino acid sequence of the LRF protein. (a) The murine LRF sequence, numbered on the left, and its conservation with the chicken protein. Amino acids which dier in the corresponding positions in the chicken homologue are indicated underneath the murine sequence. Gaps, introduced to obtain optimal alignment, are indicated with a hyphen. The BTB/ POZ domain and Zn-®nger sequences are underlined with double and single lines, respectively. The fourth Zn-®nger, which diverges from the classical C 2 -H 2 kruÈppel-like motif, is underlined with a dotted line. (b) Alignment of the LRF BTB/POZ domain with those of LAZ-3/BCL-6 and PLZF. Sequences, which are numbered on the left with respect to their methionine initiation codons, were aligned using Microgenie software (Beckmann). Black and grey backgrounds are used to indicate identical and conserved residues, respectively. Conserved amino acid substitutions are de®ned according to the scheme (A,S,T), (Q,N), (E,D), (F,Y), (H,K,R) and (I,L,M,V). Consensus sequence is shown at the top of the alignment. +/7 represent positively/negatively charged amino acid. Arrows indicate the relative position of the degenerate oligonucleotide primers used in the cloning of partial LRF cDNAs by RT/PCR BCL-6 do not possess germinal centres and have impaired lymphopoiesis (Dent et al., 1997; Ye et al., 1997) .
Haemopoiesis is a very tightly regulated process. Appropriate expression and activity of various regulatory proteins is essential to ensure correct lineage commitment and dierentiation of cells (Shivdasani and Orkin, 1996) . Therefore, the activities of LAZ-3/BCL-6 and PLZF, which probably depend on formation of appropriate complexes through their BTB/POZ domains, may prove to be important targets during oncogenesis. For example, deregulated expression of LAZ-3/BCL-6 in DLCL, or expression of PLZF-RARa in APL cells, could disrupt a functional balance of regulatory networks with which LAZ-3/BCL-6, or PLZF, interact. To understand better the molecular mechanisms underlying the function of POK proteins in normal cellular processes and oncogenesis, as well as to understand their regulatory circuitry, we set out to identify other members of the POK gene family with emphasis on BTB/POZ domain sequences closely related to PLZF. We have cloned a cDNA encoding a novel POK protein, LRF (for Leukaemia/Lymphoma Related Factor), which interacts in vivo with the product of the LAZ-3/BCL-6 proto-oncogene, but not with PLZF, suggesting that it may be a target for the oncogenic activity of LAZ-3/BCL-6 in DLCL.
Results

Isolation of a novel POK protein, LRF
Exploiting the high degree of amino acid sequence identity within the BTB/POZ domain, we chose to use RT/PCR strategy to isolate partial cDNAs encoding previously uncharacterized proteins. Degenerate oligonucleotide primers were designed with a bias toward sequences which are more related to the PLZF BTB/ POZ domain than to those of other POK proteins (see Materials and methods). Consequently, out of the total 700 clones screened, most positive clones corresponded to the PLZF sequences. Two clones contained identical sequences encoding a previously unidenti®ed BTB/POZ domain which was very similar to that of PLZF, and to a lesser degree that of LAZ-3/BCL-6, particularly in those regions from which the PCR oligonucleotide primers 1, 2 and 3 were derived (see Figure 1b) . Using the ampli®ed cDNA as a 32 Plabelled probe, we then cloned a cDNA encoding the remainder of this POK protein, called LRF for Leukaemia/Lymphoma Related Factor. In parallel, its avian homologue was isolated through low stringency screening of a chicken heart cDNA library with the 32 P-labelled PLZF probe, further underlying the close homology between the LRF and PLZF BTB/ POZ domain coding sequences.
The deduced amino acid sequence of the murine LRF protein and its conservation with the chicken sequence are shown in Figure 1a . Overall identity between these sequences is 65%, with the highest homologies lying within the BTB/POZ domain and the Zn-®nger region (85% and 97% sequence identity, respectively). In common with other POK proteins, the region between the BTB/POZ domain and Zn®ngers (the P-Z region) was not well conserved, suggesting that it carries less structural and/or functional importance. Similarly, the most C-terminal sequences of the mouse and chicken LRF proteins were poorly conserved. The total number of amino acids for these two homologous proteins also diered, with mouse and chicken LRFs possessing 565 and 546 residues (M r 61,757 and 61,318), respectively. Although LRF appears to possess four C 2 H 2 Zn®nger motifs, it is worth noting that the 4th motif (underlined with a dotted line in Figure 1a ) diverges from the classical kruÈppel-like Zn-®nger in that the region between its C 2 and H 2 halves is seven instead of 12 amino acids. Recently, a murine gene called cKrox (Galera et al., 1994) and its human homologue hcKrox (Widom et al., 1997) have been described, which encode POK proteins with four Zn-®nger motifs very similar to those of LRF (68%), including the fourth unusual Zn-®nger, suggesting that cKrox and LRF proteins may recognise related DNA response elements.
Mouse and human LRF genes localize to syntenic chromosomal regions Analysis of murine genomic clones revealed that, as for the PLZF protein, the LRF BTB/POZ domain is encoded by the same exon as the beginning of the Zn®nger region. Partial analysis of potential human LRF genomic clones showed that the exon/intron junctions for the exon encoding the BTB/POZ domain were conserved with corresponding regions of the murine LRF gene (data not shown) and a high degree of sequence homology (80% amino acid sequence identity) extended into the P-Z region (sequence between the BTB/POZ domain and Zn-®ngers), con®rming that they contained a direct human homologue of the mouse LRF gene. The total amino acid identity between the murine and human LRF sequences encoded by the above exon was 88%.
The mouse and human LRF genomic clones were used to determine the chromosomal localizations of the LRF genes by FISH. Mouse LRF was localized to a position which is approximately 52% of the distance from the heterochromatic-euchromatic boundary to the telomere of chromosome 10, an area corresponding to band B5.3 ( Figure 2a ). The human LRF genomic probe hybridized to a distal short arm of a group F chromosome (Figure 2b and B1). Cohybridization of LRF and chromosome 19q13.4 digoxigenindUTP labelled probes resulted in a speci®c labelling of both long and short arms of chromosome 19, and demonstrated that LRF localizes on the distal short arm (p13.3) of chromosome 19 (Figure 2b and B2). Of the metaphase cells hybridized with digoxigenin-dUTP labelled mouse and human LRF probes, 85% and 86% exhibited speci®c signals, respectively. The chromosomal localization of the mouse and human LRF genes is in agreement with linkage conservation between the mouse and human chromosomes. Numerous deletions, ampli®cations and translocations involving chromosome 19p13 have been reported in various haemopoietic malignancies (Heim and Mitelman, 1987; Mitelman, 1991) . It remains to be seen if LRF, like the LAZ-3/BCL-6 and PLZF genes, may be involved in any of these translocations.
Expression patterns of various mouse and human LRF mRNA isoforms in dierent tissues and cell lines
Both mouse and human LRF genes were expressed widely with variable levels of expression in dierent samples. Among various murine tissues and cultured cells which were examined, two predominant LRF mRNA isoforms (labelled B and C in Figure 3a) were detected, although an additional transcript (A) of approximately 7 kb was present in some samples, for example in the heart (Figure 3a , lane 5). In the developing mouse, at 11, 15 and 17 d.p.c., the expression of LRF increased with gestation and the A mRNA isoform appeared to be the predominant transcript ( Figure 3b ). LRF expression was also detected by whole mount in situ hybridization in mouse embryos at approximately 9.5 to 10 days of gestation ( Figure 3c , embryos 1 and 2,). Expression was detected in the ®rst two pharyngeal arches, limb buds, the tail bud, placenta and the neural tube. In the forelimb bud, the highest level of staining was observed around a distal rim and gradually decreased into the more proximal tissues, suggesting that LRF expression increases along the proximo-distal axis of the developing forelimb bud. The hindlimb buds ( Figure 3c , embryos 1 and 2, labelled h), which in a given embryo were at earlier stages of development, showed lower levels of LRF expression than the forelimb buds. Hybridization of approximately 9.5 ± 10.0 d.p.c. embryos with a sense RNA LRF probe was used as a negative control; there was no staining other than that due to trapped probe in the otic vesicle (not shown).
Like its murine homologue, the human LRF gene was also widely expressed. Among the samples examined, the highest levels of LRF expression were detected in the breast cancer cell line T47D and adult skin (Figure 4, lanes 15 and 20) . In nearly all samples, three transcripts were detected which corresponded in size to the mouse mRNA isoforms A, B and C. As in the murine tissues and cell lines, the expression of various LRF isoforms appeared to undergo tissue speci®c regulation. For example, the A form was not expressed in the liver (Figure 4b , lane 19). Furthermore, the B and C isoforms were down and up-regulated with RA treatment in K562 and HSG cells, respectively (Figure 4 , lanes 4 ± 5 and 11 ± 12). This apparent regulation of LRF mRNA isoforms by RA was also seen in murine P19 cells (Figure 3, lanes 7 and 8) , where the levels of the B isoform appear to be weakly up-regulated after RA treatment. It is not known at the present time whether the dierent LRF mRNA isoforms are generated through alternative splicing, dierential promoter usage and/or alternative polyadenylation. Nevertheless, it is clear that expression of the LRF gene undergoes complex regulation resulting in expression of dierent transcripts in dierent tissues and at dierent stages of development.
LRF colocalises and interacts with the product of the LAZ-3/BCL-6 proto-oncogene in vivo Given the overlapping pattern of expression with PLZF, particularly during development , and the high degree of similarity within their BTB/POZ domains (Figure 1b) , we anticipated that LRF and PLZF may interact with each other. This was not the case, however, as we failed to detect interaction between these two proteins by coimmunoprecipitation and in the yeast two-hybrid assay (data not shown). Since the homology between the BTB/POZ domain sequences could also re¯ect the ability of two homologous proteins to interact with the same partner protein and since the LAZ-3/BCL-6 protein, at least in (1) is at a slightly earlier developmental stage than that on the right (2). Hindlimb buds are half a day behind forelimb buds in their development at this stage. In the face, LRF expression is detected in the maxillary (mx) and mandibular (md) parts of the ®rst pharyngeal arch and in the second arch (2). In the hindlimb bud (h), strong staining is present at the posterior margin in the specimen on the left (arrow); in the right hand specimen, hindlimb expression is more diuse, but still biased to the posterior (top left) side of the bud. Forelimb expression is diuse throughout the limb bud, but transcript levels are highest in the apical ectodermal ridge and underlying progress zone mesenchyme, with a slight bias towards the posterior aspect of the bud the yeast two-hybrid assay, appeared to readily interact with PLZF (data not shown), we attempted to test the possibility that LRF and LAZ-3/BCL-6 could complex with each other in vivo. LRF and LAZ-3/BCL-6 were readily coimmunoprecipitated from nuclear extracts of COS-1 cells which were transiently cotransfected with their respective expression vectors (Figure 5a ), suggesting that at least in this system, the two proteins are part of the same complex. As predicted by the above results, the two proteins also colocalized in a speci®c punctate pattern in the nucleus (Figure 5b) .
The in vivo association of full length LAZ-3/BCL-6 and LRF was corroborated using the yeast two-hybrid assay ( Figure 6, lane 3) . In order to characterize the regions within both proteins which were required for their interaction, various deletion mutants of LAZ-3/ BCL-6 and LRF were generated and tested in the yeast two-hybrid assay for their abilities to interact with each FLAG and LAZ-3/BCL-6, transiently coexpressed in CHO cells. Cells were stained with mouse monoclonal anti-FLAG and rabbit polyclonal anti-LAZ-3/BCL-6 antibodies, counterstained with FITC and TRITC conjugated goat anti-mouse and anti-rabbit IgGs (Jackson ImmunoResearch Laboratories, Inc.), respectively, and analysed by laser scanning confocal microscopy at approximately 0.4 micron resolution. No crossreactivity was observed between the anti-LAZ-3/BCL-6 and anti-FLAG antibodies, or the secondary antibodies, when control cells transfected either with the LRF FLAG or LAZ-3/BCL-6 expression vectors were used for coimmuno¯uorescence experiments other or with their wild type counterparts. Although either the LRF, or LAZ-3/BCL-6 BTB/POZ domain alone could readily self associate ( Figure 6 , lanes 1 and 2), no heterodimeric interaction was detected in vivo between the LRF and LAZ-3/BCL-6 BTB/POZ domains ( Figure 6 , lane 5). Deletion of the P-Z region (sequence between the BTB/POZ domain and Zn®ngers) in the LRF protein did not prevent its interaction with LAZ-3/BCL-6 (Figure 6, lane 4) . In line with the above results, this LRF deletion mutant was unable to heterodimerize with just the BTB/POZ domain of LAZ-3/BCL-6 (Figure 6, lane 6) . Furthermore, inability of LRF without the BTB/POZ domain to interact with the full length LAZ-3/BCL-6 (Figure 6 , lane 7), or just its BTB/POZ domain ( Figure 6 , lane 8), indicated that this domain, although not sucient, is nevertheless required for interaction between the two proteins. These results also excluded the possibility of interaction being mediated solely through the Zn-®nger regions and supported a model in which LRF and LAZ-3/BCL-6 association requires contacts between both the Zn-®ngers and the BTB/POZ domains of the two partner proteins. This conclusion was further corroborated by results demonstrating the lack of any interaction between the full length LRF and LAZ-3/ BCL-6 without the Zn-®nger region ( 
Discussion
This study has identi®ed a previously uncharacterized POK protein, LRF. Within the BTB/POZ domain, LRF is the closest homologue of the PLZF protein.
Contrary to the in vitro results showing interaction between the isolated BTB/POZ domains of the tramtrak and GAGA proteins (Bardwell and Treisman, 1994) , this study has shown that the heterodimerization between LAZ-3/BCL-6 and LRF, in vivo, requires both the BTB/POZ domain and the Zn-®nger region. Although counterintuitive, we cannot exclude the possibility that a stable LAZ-3/BCL-6-LRF interaction requires simultaneous contacts between the BTB/POZ domain of LRF and Zn-®ngers of LAZ-3/BCL-6 and vice versa, instead of BTB/POZ-BTB/POZ and Zn-®nger-Zn-®nger interactions. Nevertheless, as shown previously , the BTB/POZ domain is sucient for in vivo homodimeric interactions. Furthermore, the speckled nuclear colocalization of LAZ-3/BCL-6 and LRF POK proteins suggests that they may exist in large, possibly heterogeneous, complexes whose formation may depend on the presence of two distinct interaction interfaces in each protein.
The degree of conservation of a given protein sequence motif through evolution can be taken as a direct re¯ection of its functional importance. This study has demonstrated that the BTB/POZ domain and, to a greater extent, the Zn-®nger region of LRF are highly conserved motifs, both required for heterodimeric interactions. The breakdown of amino acid sequence conservation between the avian and murine LRF homologues within the P-Z region is observed for other members of this subfamily, including PLZF and LAZ-3/BCL-6 Cook et al., 1995; Fukuda et al., 1995) , and may prove to be their common feature. It was not surprising, therefore, that the P-Z region was not required for LAZ-3/BCL-6-LRF interactions in the yeast two-hybrid system. Nevertheless, this region may act as a hinge regulating and/or stabilising the potential intramolecular interaction within the LRF protein. An intramolecular interaction between the transactivation domain and Zn-®nger region of EKLF has recently been proposed to regulate its protein interaction and DNA binding abilities (Chen and Bieker, 1996) . Similarly, the Eves motif and DNA binding domain of c-Myb have been shown to engage in an inhibitory intramolecular interaction (Dash et al., 1996) . BTB/POZ domain proteins have been implicated in a number of developmental processes, both in vertebrates and invertebrate organisms. For example, PLZF (Hawe et al., 1996) as well as the Drosophila BTB/POZ domain proteins (abrupt and bric-aÁ -brac) (Godt et al., 1993; Hu et al., 1995; Zollman et al., Figure 6 LRF and LAZ-3/BCL-6 interact with each other in the yeast two hybrid assay. b-galactosidase ®lter assay showing homodimeric and heterodimeric interactions between the LAZ-3/BCL-6 and LRF proteins, and their indicated deletion mutants, when fused to the GAL4 activation (AD) and/or DNA binding (DBD) domains. LRF and LAZ-3/BCL-6 protein sequences are drawn in red and green colours, respectively, and dierent portions of each protein (BTB/POZ domain, Zn-®nger motifs, and the intervening P-Z region) are as indicated. Interaction between indicated combination of GAL4 AD and DBD fusion proteins is re¯ected by appearance of a blue colour. Expression of indicated LAZ-3/BCL-6 or LRF GAL4 fusion proteins without a given partner protein did not induced b-galactosidase expression and did not produce blue colour (data not shown) 1994) appear to be required for proper limb morphogenesis. Expression of LRF in sites of rapid cell growth in the embryo (pharyngeal arches, limb buds, tail bud, and possibly ventral neural tube) and in the placenta, suggests that it may play a role in stimulating cell proliferation. It remains to be determined how LRF interacts with signalling pathways that control cell proliferation during embryogenesis, e.g. Wnt, FGFs, RA and Sonic hedgehog (so far interactions between these pathways are best understood in limb development (Johnson and Tabin, 1997) ).
Previous studies have indicated that, in analogy to LRF, the LAZ-3/BCL-6 mRNAs are expressed in many tissues Cattoretti et al., 1995; Fukuda et al., 1995) . Nevertheless, the LAZ-3/ BCL-6 protein, at least within the lymphoid compartment, is restricted to germinal centre B cells and Burkitt's lymphoma cell lines with mature B cell characteristics (Cattoretti et al., 1995; Onizuka et al., 1995) . Although we cannot yet evaluate expression of the endogenous LRF protein, the wide spread expression pattern of the LRF gene strongly suggests that patterns of LRF and LAZ-3/ BCL-6 expression overlap, at least partially. This is corroborated by presence of LRF mRNAs in Burkitt's lymphoma cell lines including Daudi (data not shown and Figure 4a , lane 3). The wide spread expression pattern of LRF also suggests that it may exert its eects by interacting not only with LAZ-3/ BCL-6, but also with a number of other spatially and temporally restricted POK proteins and/or other proteins. It is possible that the abilities of these proteins to form homo and heterodimeric complexes can widen the repertoire of their target genes and/or the ways in which they function as transcriptional regulators. The formation of LRF, or LAZ-3/BCL-6, homodimers and LRF-LAZ-3/BCL-6 heterodimers, and therefore, resultant transcriptional and physiological eects may depend on the relative strengths of various interactions and concentrations of the partner proteins. Although it is currently unclear as to what eect the LRF-LAZ-3/BCL-6 hetreodimer will have on transcription of speci®c genes, or whether it will even recognise the same target genes/response elements as LRF and/or LAZ-3/ BCL-6, deregulated expression of LAZ-3/BCL-6 in lymphoma cells will inadvertantly disrupt the balance between dierent LRF containing protein complexes. Therefore, the function of the LRF protein must be considered as a potentially important target for the oncogenic activity of LAZ-3/BCL-6. Its role in lymphopoiesis and how it may be aected in DLCL remain to be established.
Materials and methods
Cloning of BTB/POZ domain sequences by degenerate RT/PCR
The relative positions of the degenerate primers used to identify cDNA sequences which encode the LRF BTB/POZ domain are indicated in Figure 1b . Primer 1, 5'-NRS NNN NAR NNN NSC NGT RTA; primer 2, 5'-GGN NNN YTS TGY GAY GTB GTB AT; primer 3, 5'-CNGT RTA NGC RWA YTC CAR VA, primer 4, 5'-TTY CMC RCC CAC CGS WSN GT; where N=A/G/C/T, V=A/G/C, B=T/G/C, H=A/C/T, D=A/T/G, Y=C/T/, S=C/G, R=G/A, W=A/T, K=G/T, M=A/C. Primer 1 was used, as previously described (Chen et al., 1992) , to reverse transcribe (RT) 1 mg of pooled polyadenylated (polyA + ) RNA derived from 13.5 and 8.5 days post coitum (dpc) mouse embryos. The resultant cDNAs were ampli®ed using primers 2 and 3, and 35 cycles of polymerase chain reaction (PCR) with denaturation, hybridization and extension steps at 958C for 30 s, 558C for 1 min 30 s and 728C for 3 min, respectively. Final extension was followed by further incubation at 728C for 30 min. All PCRs were carried out in a total volume of 100 ml containing 2.5 ml of RT reaction, 0.2 mM dNTPs, 50 mM KCl, 1.5 mM MgCl 2 , 20 mg/ml bovine serum albumin, two units of Taq DNA polymerase and 800 ng of each primer. Ampli®ed cDNAs were subcloned into the PCR TM II TA cloning vector (Invitrogen), transferred to bacteria and colonies were screened by hybridization with 32 P-labelled oligonucleotide 4. Hybridization was carried out overnight at 458C in 56SSPE, 16Denhardt's and 1 mg/ml sheared salmon sperm DNA. Hybridized ®lters were washed for 15 min at 458C in several changes of 26SSC/0.1% SDS and autoradiographed. As we have expected that most of the ampli®ed cDNAs will correspond to PLZF sequences, after exposure the same ®lters were rehybridized with a PLZF BTB/POZ domain speci®c 32 P-labelled oligonucleotide probe (5'-ACCGAAACAGCCAGCACTAT) to eliminate PLZF containing clones from further analysis. Hybridization with the PLZF speci®c probe and subsequent washes were carried out as for oligonucleotide 4, except at 558C.
Cloning of the chicken and mouse LRF cDNAs
The chicken LRF cDNA was cloned in parallel with the partial murine LRF BTB/POZ domain sequences by screening of an adult chicken heart lgt10 cDNA library (Clontech) with a 32 P-labelled fragment of a cloned mouse PLZF cDNA, as described . A full length mouse LRF cDNA was cloned, using previously described conditions, by screening an adult mouse heart lZapII cDNA library (gift of Pierre Chambon, IGBMC, Illkirch, France) with a 32 P-labelled probe derived by RT/ PCR Chromosomal localisation of the mouse and human LRF genes using¯uorescence in situ hybridization (FISH) Partial sequences corresponding to the human homologue of the mouse LRF gene were identi®ed among the expressed sequence tags (EST) present in the GenBank database (accession number N77854). PCR oligonucleotide primers derived from known murine and human LRF sequences were used by Genome Systems Inc. (St. Louis, MO, USA) to screen genomic DNA libraries constructed in the P1 bacteriophage. The isolated clones were con®rmed by sequencing. Mouse and human P1 genomic clones were used to map the chromosomal localizations of both LRF genes by FISH (performed at Genome Systems Inc.). The DNAs were labelled by nick translation (Sambrook et al., 1989) with digoxigenin-dUTP, labelled probe was combined with sheared mouse or human DNA and hybridized to metaphase chromosomes derived from murine embryonic ®broblasts or PHA stimulated peripheral blood lymphocytes, respectively. Hybridization solution contained 50% formamide, 10% dextran sulphate and 26SSC. Speci®c hybridization signals were obtained by incubating the hybridized slides in¯uoresceinated antidigoxigenin antibodies and then counterstaining with DAPI. Localization of the murine LRF gene was con®rmed by co-hybridization with a probe speci®c for the centromeric region of mouse chromosome 10 (Shi et al., 1997) . Total of 80 metaphase cells were analysed with 68 exhibiting speci®c labelling. For the human LRF gene, a genomic clone previously mapped to chromosome 19q13.4 (unpublished marker, Genome Systems Inc.) was used to con®rm its localization. A total of 80 metaphase cells were analysed of which 69 exhibited speci®c labelling.
Northern analysis
Total and poly(A) + RNAs were isolated from tissues and cell lines as previously described (Aviv and Leder, 1972; Chirgwin et al., 1979; Zelent, 1997) . Northern blot analysis was performed following published procedures (Zelent et al., 1989) . A fragment of mouse LRF cDNA encoding amino acids 1 ± 177 (see Figure 1a) and a PCR derived human LRF DNA encoding a region corresponding to the amino acids 14 ± 131 in Figure 1a , were 32 P-labelled by random priming (Sambrook et al., 1989) and used as probes. Hybridization and washing conditions were as described (Zelent et al., 1989) . Blots were exposed for 7 days at 7808C using two intensifying screens and Kodak X-OMAT TM ®lm.
Human and mouse cell lines
Mouse: P19 (Jones-Villeneuve et al., 1982) , emryonal carcinoma cells; Wehi3BD (Warner et al., 1969) , myeloid cells; 32D (Valtieri et al., 1987), myeloid progenitors; 18.8, pre-B (Yancopoulos et al., 1984) ; Mel (Friend et al., 1965) , erythroid precursors; A4 (Heyworth et al., 1990) and B6 (Greenberger et al., 1983) , multipotential progenitors; LyD9 (Palacios et al., 1987) , pro-B cells; J774 (Ralph and Nakoinz, 1977) , macrophage; EL-4 (Ralph and Nakoinz, 1973) , mature transformed T cells; ES, embryonic stem cells. Human: Jurkat (Weiss, 1984) , T cell leukaemia; Nalm-6 (Minowada et al., 1978) , pre-B cell acute lymphoblastic leukaemia; Daudi (Klein et al., 1968 ), Burkitt's lymphoma; K562 (Lozzio and Lozzio, 1975) , chronic myelogenous leukaemia; KG1 (Koeer and Golde, 1978) , acute myelogenous leukaemia; HL-60 (Collins et al., 1977) , acute myeloid leukaemia; APL (Chen et al., 1992) , acute promyelocytic lukaemia bone marrow cells; 293 (Graham et al., 1977) , adenovirus transformed human embryo kidney cells; HSG (Shirasuna et al., 1981) , salivary gland adenocarcinoma; T 2 Cl 13 (Weima et al., 1988) , teratocarcinoma cells; T47D (Keydar et al., 1979) , breast carcinoma.
Whole mount in situ hybridization
In situ hybridization of 10 d.p.c. mouse embryos with antisense and sense digoxigenin-UTP labelled RNA probes, derived from the full length LRF cDNA by in vitro transcription, was performed using previously described procedures (Wilkinson, 1992) . Probes were synthesized as described and puri®ed through microspin S400 HR columns (Pharmacia) to remove unincorporated digoxigenin-UTP.
Yeast and mammalian expression plasmids
Mammalian expression vectors for Flag-tagged murine LRF (LRF FLAG ) and the human LAZ-3/BCL-6 protein were constructed in the pSG5 plasmid (Green et al., 1988) using murine cDNA LRF clone encoding sequence shown in Figure 1a and human LAZ-3/BCL-6 cDNA (gift of Riccardo Dalla-Favera, Columbia University, NY, USA). Yeast expression vectors (Bartel et al., 1993; Durfee et al., 1993) for LRF BTB/POZ domain fused either to the GAL4 DNA binding or activation (ACT) domains were generated using a partial LRF cDNA clone encoding amino acids 1 ± 177. Yeast expression vectors for full length LRF (amino acids 1 ± 565), or LRF without the BTB/POZ domain (amino acids 136 ± 565), fused in frame to Gal4 DBD and ACT domains were generated by in frame ligation of appropriate restriction enzyme fragments of the murine LRF cDNA. The GAL4 DNA binding and ACT domain fusions of LRF sequences lacking the P-Z region (sequence between the BTB/POZ domain and Zn-®ngers, amino acids 136 ± 374) were constructed using PCR ampli®ed sequences encoding just BTB/POZ domain and Zn-®ngers. All constructions were partially sequenced to con®rm in frame ligation. PCR ampli®ed regions were sequenced in their entirety to avoid potential PCR errors. Yeast expression vectors for either partial or full length LAZ-3/BCL-6 GAL4 DNA binding and ACT domain fusions were as previously described .
Coimmunoprecipitation and coimmuno¯uorescence
COS-1 (Gluzman, 1981) and CHO (Puck et al., 1958) cells were cultured in DMEM with 10% FCS at 378C and 5% CO 2 . At 50% con¯uence cells were transfected by lipofection using lipofectamine reagant (Gibco ± BRL) according to the manufacturer's instructions. Transfections of COS-1 cells with 0.5 mg of LAZ-3/BCL-6 and/or 0.5 mg of LRF FLAG mammalian expression vectors were carried out in 60 mm tissue culture plates. The total amount of transfected expression vector was kept constant at 1 mg in all experiments. Approximately 18 h after transfection cells were labelled with 35 S-methionine/ cysteine, lysed and protein complexes present in the cell lysates were coimmunoprecipitated with 2 mg of anti-FLAG M2 antibody (Kodak) and resolved by SDS ± PAGE as previously described (Koken et al., 1997) . Electrophoresed proteins were transferred to a solid support and blotted with a rabbit polyclonal anti-LAZ-3/ BCL-6 antibody , diluted at a 1 : 1000 in TBST (0.14 M NaCl, 2.7 mM KCl, 25 mM TrisCl, pH 7.5, 0.1% Tween-20). Proteins were detected with a horseradish peroxidase-conjugated donkey anti-rabbit secondary antibody and ECL reagents (Amersham).
CHO cells, grown on glass cover slips in 60 mm tissue culture plates, were transfected with 1 mg of LAZ-3/BCL-6 and/or 1 mg of LRF FLAG mammalian expression vectors. Approximately 24 h post transfection, the cover slips with adhered CHO cells were transferred to multiwell plates and immuno¯ourescence was performed essentially as described (Reid et al., 1995) . Stained cells were visualized and photographed as described before (Koken et al., 1997 ) using a BioRad MRC600 confocal imaging system. The polyclonal rabbit anti-LAZ-3/BCL-6 and the monoclonal anti-FLAG M2 (Kodak) antibodies were used at 1 : 200 and 1 : 1000 dilutions in Ca 2+ and Mg 2+ free phosphate buered saline, respectively.
Yeast two-hybrid assay
The Y190 strain of Saccharomyces cerevisiae (Harper et al., 1993) harbours an integrated lacZ reporter gene under the control of a Gal4 responsive promoter. Competent Y190 yeast cells were transformed, using the lithium acetate method (Gietz and Woods, 1994) , with 1 mg of each of the two yeast expression vectors pASI/pGBT9 (Durfee et al., 1993) and pACTII/pGAD424 (Bartel et al., 1993) containing either LAZ-3/BCL-6 or LRF cDNAs, partial or full length, fused in frame to the GAL4 DNA binding and ACT domains, respectively. Liquid and solid media, as well as conditions used for yeast growth were as described (Johnston, 1994) . For the b-galactosidase assay, individual colonies which grew on selective media were then streaked onto replica plates, lifted onto ®lter papers (Whatmann), permeabilized by immersion in liquid nitrogen for 10 s and stained for b-galactosidase activity as described previously (Breeden and Nasmyth, 1985) .
Note added in proof Mouse and chicken cDNA sequences reported here have been deposited on GenBank database under accession numbers AF086830 and AF086831, respectively.
